In recent years investigations into the physiology of green algae have been stimulated by a recognition of their possible commercial use (6) in addition to their common acceptance as research tools for certain fundamental problems. These Briefly stated, the algae were grown in 300-1, glasscovered, polyethylene-lined, ply wood vats, havingf a surface area of 2 m2 and a depth of 15 cm. Circulation of the culture was provided by stainless steel stirrers mounted in diagonally opposite corners of the vat. Water for the culture was deionized by an ion exchange column. Five percent CO2-in-air was suppliedl through a porous carbon pipe at a rate of 50 1/ hr. The cultures were illuminated by a battery of fluorescent and incandescent lamps mounted on a reflector. Illuminance averaged 1000 fc and irradiance averaged 0.12 gm cal/cm2x sec at the surface of the culture. The temperature of the solution was held between 25 and 290 C by means of thermostatically controlled air conditioners mounted in the wall of the culture room.
of green algae have been stimulated by a recognition of their possible commercial use (6) in addition to their common acceptance as research tools for certain fundamental problems. These physiological studies have shown that green algae have a high nitrogen content. A correspondingly high protein content has been inferred (28) . Relatively little attention has been given to the utilization of the absorbed nitrogen or to changes in the nitrogen fractions of cells subjected to a changing environment. Comparisons with higher plants (7, 30) have not been possible because of the necessity for large and frequent samples of algae required for reliable analytical determinations. The development of a mass culture technique (14, 16) has made this feasible. This paper reports an extensive study of the nitrogen metabolism of a representative, fresh-wN-ater, green alga, Scenedesmus obliquus (Turp.) Kiutz., grown in mass culture. Changes in the content of the major nitrogen fractions are correlated with modifications in the environment, and a basis is established for future detailed examination of specific pathways of nitrogen metabolism.
MATERIALS AND MIETHODS The strain, Scenzedesmus obliquus WH-50, was originally isolated from cultures at the MIarine Biological Laboratoryv at Woods Hole in 1950 and has since been maintained on agar stants. For the nitrogen and (lark experiments the cells were subcultured in 500-ml Erlenmeyer flasks containing basal nutrient meclitim and " aerated " wsith a mixture of a % CO,-in-air. A packed cell volume of 0.10 ml was added to 300 liters of nutrient solution at the beginning of each exleriment. As an inoculum for the potassium experiment, an equivalent volume of cells was taken directly from two agar slants. The mass culture obtaine(l at the end of the potassium resupply experiment servel for initiation of the study of phosphorus deficieney.
CULTURE CONDITIONS: The mass cullture apparatuis 4 Present address: Scripps Institution of Oceanography, University of California, La Jolla, California.
has been described in detail in a previous paper (16) .
Briefly stated, the algae were grown in 300-1, glasscovered, polyethylene-lined, ply wood vats, havingf a surface area of 2 m2 and a depth of 15 cm. Circulation of the culture was provided by stainless steel stirrers mounted in diagonally opposite corners of the vat. Water for the culture was deionized by an ion exchange column. Five percent CO2-in-air was suppliedl through a porous carbon pipe at a rate of 50 1/ hr. The cultures were illuminated by a battery of fluorescent and incandescent lamps mounted on a reflector. Illuminance averaged 1000 fc and irradiance averaged 0.12 gm cal/cm2x sec at the surface of the culture. The temperature of the solution was held between 25 and 290 C by means of thermostatically controlled air conditioners mounted in the wall of the culture room.
The shaking apparatus for small cultures, described by Krauss (15) , was used for certain experiments. Cell suspensions were placed in 500-ml Erlenmeyer flasks fitted with a ground glass joint containing an inlet tube through which 5 % C02-in-air was bubbled. The flasks were rocked in a 25°C water bath which was illuminated through a glass bottom by fluorescent lamps.
The basal nutrient solution was that developed in this laboratory (16) Growth was measured by determining the packed cell volume (hereafter referred to as " pcv "). This was accomplished by centrifuging 100 ml of cell suspension in Goetz phosphorus tubes (13) . For calculating the weight of cells removed during sampling, the dry weight of cells per 100 ml was determined by transferring the cells to tared aluminum cups and drying at 100°C.
During the experiments a culture was grown to a pcv of 0.10 ml/100 ml. This was the point of optimum -ield, as determined by Krauss and Thomas HNO3 to the culture. After analytical samples had been taken at this level, the cells were harvested and resuspended in a second vat containing fresh medium deficient in the element concerned. In the N-deficient solution, a chemically-equivalent amount of KCl was substituted for KNO3; in the K-deficient solution sodium salts were similarly substituted for potassium salts; and P-deficiency was produced by using KCl instead of KH2PO4. Deficient elements were resupplied by adding KNO3 for nitrogen, KCl for potassium, and K2HPO4 for phosphorus. Analytical samples were taken periodically during the periods of deficiency and resupply.
EXTRACTION AND ANALYTICAL METHODS: Centrifuged cell samples were weighed, and a portion suspended in 1 % acetic acid. The remainder was dried in vacuo at 70°C, weighed, and ground in a Wiley mill to pass a 40-mesh screen. Aliquots of the acetic acid suspension were taken for dry weight and total N determinations. The cells in the remainder of the suspension were killed and extracted by heating the suspension for 5 min at 1000 C. Following centrifugation, the cells were extracted 3 more times with water at 70°C. The acetic acid and water extracts were combined, filtered, and made to volume. During the nitrogen experiments, the extracts were stored in the refrigerator; in other experiments they were frozen and stored at -21°C. They were thawed just prior to analysis.
Total-N was determined by a micro-Kjeldahl procedure (23) using salicylic acid to include nitrates and a copper sulfate-selenium mixture as a catalyst.
Soluble-N was determined by a Kjeldahl analysis of an aliquot of the combined acetic acid and water extract. Protein-N was calculated by difference between the total-N and soluble-N. In the N-deficiency and resupply experiments free amino-N in the combined extract was determined by a manometric ninhydrin procedure (35) . In other experiments the more convenient photometric ninhydrin procedure of Troll and Cannon (33) was used. The photometric results were corrected for the presence of free ammonia which yields 25 % as much colored complex as the amino acids. Peptide-N was determined as the increase in amino-N after hydrolysis with 6 N HCl at 1100 C in sealed tubes. The photometric values were corrected for the presence of amide-and ammonia-N. Ammonia, total amide, and glutamine analyses of the combined extract were carried out using the vacuum distillation and hydrolytic procedures of Pucher et al (22) . Ammonia in the distillate was determined by Nesslerization. Basic-N was analyzed by phosphotungstic acid precipitation (34) followed by a Kjeldahl determination. This N was further fractionated in one experiment by an amino-N analysis of the supernatant. The amount of amino-N removed is a measure of the concentration of basic amino acids. Arginine was analyzed by a modified Sakaguchi procedure (19) . It was separated and identified by paper chromatography with phenol-water, ethanolwater, and butanol-acetic acid-water as solvents followed by spraying the paper with the Sakaguchi reagents (4) . Nitrate was analyzed using a phenoldisulfonic acid procedure (12) . Potassium and sodium were determined in ash solutions by flame photometry employing a Beckman DU spectophotometer. Phosphorus was measured in the ash solution by the AOAC colorimetric method (18) .
All determinations were made in duplicate and a set of standards was run with each set af unknowns whenever photometric procedures were used. The deviations from the means were no greater than 5 %, unless otherwise noted.
RESLULTS AND DISCUSSION
The high nitrogen content of green algae (8, 16, 28) has led investigators to infer that the protein level is also high. The rapid uptake of nitrate described previously (16) 15 % of the soluble-N was amino-N, 3 % ammonia-and amide-N, 60 % basic-N, and 0.5 % nitrate-N. About one-sixth of the basic fraction was non-amino-N of basic amino acids, i.e., arginine, histidine, lysine, and ornithine. The rest was presumably nucleotide-N although about 2 % of the basic-N or 1 % of the soluble-N was extractable by chloroform and ether. This treatment is generally regarlded as specific for alkaloids (9 had dropped to 79 % of the total-N after 4 and 12 hours. Soluble-N accumulated and was mainly basic-N. Smaller amounts of amino-N and peptide-N were formed. Protein synthesis accelerated during the next 12 hours with protein-N accounting for 86 % of the total-N at 24 hours. During the first 12 hours protein synthesis may have been limited by the absence of enough amino acids, peptides and, particularly, basic substances. Alternatively, the accumulation of these substances might be due to some factor which limited protein synthesis. Syrett and Fowden (32) showed that, in the dark, the absence of carbohydrate limited protein formation when ammonia was supplied to N-deficient Chlorella. The present experiments were carried out in the light and pcv values of 0.09 to 0.12 were maintained by sampling. Light intensity per unit cell would be inversely proportional to pcv, and the lowest values were found during the lag of protein formation. Therefore it seems unlikely that light was a limiting factor. After 48 hours protein-N had reached its typical level of 93 % of the total-N. Simultaneously, large decrease in the soluble fractions were observed, and presumably this nitrogen was incorporated into protein.
The composition of the basic fraction precipitated from plant extracts by phosphotungstic acid is extremely heterogeneous and can include basic amino acids, peptides, nucleotides, amines, betaines, and alka- 
THOMAS AND KRAUSS-N METABOLISM IN SCENEDESMUS
Under conditions where soluble-N accumulates, one of the responses in higher plants is amide formation (7, 30 * The numbers in parentheses refer to the protein-N as a perCentage of the total-N.
tionation into free ammonia-N, unstable amide-N, and stable amide-N was carried out using differential hydroly sis techniques (22) . Inasmuch as parallel changes occurred in the basic fraction, analyses for arginine were also made. The results are shown in figure 6 . The first effect of deficiency was the formation of basic substances. However, arginine accounts for only approximately 30 % of the basic-N. During the first six hours amides and ammonia also increased slightly. These changes were followed by a large ing.6[ crease in ammonia and in stable amide (presumably asparagine). Preliminary experiments had indicated that most of the amide fraction was unstable (presumably glutamine). In this experiment unstable amide was much decreased. After 12 hours arginine again increased and asparagine and ammonia decreased. These changes could be interpreted as follows: Early in deficiency arginine increases due to the incorporation of ammonia derived from protein breakdown, into the Krebs-Henseleit cycle. After 6 hours soluble-P is used up, and the generation of adenosine triphosphate (ATP) via oxidative metabolism ceases. Gest and Kamen (11) showed that 5 washings with fresh medium removed 25 % of labeled P from Chlorella and that the exchange took place between acid-soluble-P in the cells and exogenous phosphate. ATP is necessary for the operation of the Krebs-Henseleit cycle (17) and for the formation of glutamine (27) . Without ATP, ammonia would increase as observed. If the increase of stable amide is an increase in asparagine, these results support a tentative hypothesis that ATP is unnecessary for its formation. However, amide synthesis from ammonia and the corresponding amino acid requires 3450 cal/mole free energy (5).5 Alternatively, the stable amide could be urea derived from arginine. It would be measured as a stable amide by the hydrolytic analytical method used (22) . The increase of arginine and decrease of ammonia and stable amide after 12 hrs could then be due to an increased supply of soluble-P from decomposition of phosphoproteins or nucleic acids. These changes support the concept of a readjusting metabolism when conditions are radically changed.
Depletion of total cellular phosphorus was gradual, dropping from 8 mg/gm dry weight to 4 mg/gm dry weight in 11 days. Presumably most of the P is combined in insoluble forms, since appreciable loss does not occur before one day of deficiency. This does not 5 Recent enzymatic studies (39) have established an ATP requirement for asparagine formation, both for synthesis from aspartic acid and ammonia, and for synthesis by amidation of ,-alanine followed by carboxylation of the ,-ananylamide. It therefore seems likely that the increase in stable amide is not due to asparagine formation. Steady resynthesis of protein occurred. Ninety-two percent of the total-N was protein-N initially, and this increased to 94 %. A concomitant decrease in soluble-N was found. The assumption is made that as soluble-P became available ATP necessary for protein synthesis increased. The proportion of amino-N increased from its previously low percentage of the soluble-N. Changes in basic-N followed the changes in soluble-N. Amide and ammonia-N did not change. Peptides increased and then decreased, suggesting a role as intermediates in protein formation.
The changes in total cell phosphorus were rapid. Phosphorus reached the usual level during the first hour; almost doubled in the next 8 hrs; and then decreased to an equilibrium value. Luxury consumption clearly occurred during the early period.
DARK EXPERIMENT: A mass culture was grown for 6 days in the light. Then the lights were turned out and the algae were cultured for 12 days in the dark. The mean growth rate during the light period was 0.584 log2 unit per day. Apparent growth rates as calculated by pcv measurements were 0.325, 0.328, and 0.186 during the respective first 3 days in the dark. After this period no growth was observed.
Changes in the nitrogen fractions during dark culture are shown in table VI. An increase in total-N was observed at the second day and was followed by a decrease. The proportional amount of protein-N remained high until 3 days and was followed by a decrease. The high levels of total-N could be accounted for by the utilization of non-nitrogenous reserves by the respiratory system. Protein breakdown occurred after these reserves were exhausted and protein carbon was utilized to provide energy for the cell. Soluble-N was then formed. Proportions of the soluble fractions remained more or less constant until after the tenth day when the proportion of amino-N decreased. At this time amino acids were being deaminated and respired, thus accounting for the increase in the amide and ammonia fraction. When the experiment was terminated on the 13th day, 1.58 mg NH3-N/l was found in the culture solution, indicating that some excretion had occurred. Only traces of amino-N were found in the solution. In spite of the increase in soluble-N and changes in the fractions, it should be emphasized that the chalnge in protein-N was small and that protein-N accounted for 90 % of the total-N at the end of the experiment. Following resupply of N, P, or K, protein synthesis resumnedl. In the case of P, synthesis was resumed almost immediately. Metabolic readjustment occurred (luring the first few hours following resupply of K and presumably protein synthesis must be preceded by resumption of the photosynthesis. Similar metabolic readjustment occurred when N was resupplied. This was followed, however, by an increase in basic substances, particularly arginine-containing pepti'des. The accumulation of basic-N may be the result of overloading the protein synthesis system with N so that part of it overflows into the basic fraction. Similar shunt metabolism of P-containing compounds may occur since luxury consumption of P was found during resupply. However, with regard to N, all the experimental data indicate that if alternative pathways exist when cells are subjected to peculiar conditions, they are characterized by a low synthetic capacity which prevents major accumulation of anv N-fraction other than protein.
CONCLUSIONS

SUMMARY
Sceniedesmuts obliquus, strain WH-50, was grown in mass culture under conditions of N, P, K, and carbohydrate deficiency. Nitrogen, P, and K were resupplied to the cells. During the experiments samples of cells were harvested and analyzed for nitrogen fractions.
In these experiments, the following results were obtained:
(1) During N deficieney the N content of the cells dropped exponentially and reached a basal level after 8 days. This decrease in total-iN was due partially to dilution by new cell material and in part to the excretion of N' from the cells. During N deficiency the relative proportions of the fractions were little changed. Protein-N continued to account for approximately 90 to 95 % of the total-N.
(2) Upon resupplying nitrate to N-deficient cells a normal growth rate was resumed during the first 24 hrs. Protein synthesis lagged behind N uptake and soluble-N accumulated in the cells. MIost of the soluble-N consisted of basic-N; and most of this was tentatively identified as arginine-containing peptides. Precursor experinments indicated that the synthesis of arginine probably occurred through a Krebs-Henseleit urea eele similar to that found in liver.
(3) Potassium deficiency resulted in a reduction in the growth rate of the culture, but growth never ceased during a 21-day K-deficient period. No appreciable shifts in the nitrogenous composition occurred other than an initial small decrease in the protein-N and an increase in the level of peptide-N.
The K level in the cells slowly dropped and was replaced by Na. Resupply of K to K-deficient cells resulted in a restumption of normal growth, a decrease in the amount of peptide-N in the cells, and a resumption of protein synthesis. The cells contained a normal amount of K after 6 hours, and a concomitant loss of Na occurred.
(4) During P deficiency the amount of protein-N decreased only slightly. Early in the deficient period, changes in free ammonia, stable and unstable amides, and in arginine occurred. The resupply of P to deficient cells enabled the culture to resume normal growth. Steady protein synthesis followed resupply. Except for changes in the peptide fraction, most of the soluble fractions paralleled the behavior of the soluble-N.
(5) In darkness an increase in total-N occurred as non-nitrogenous reserves were utilized in respiration. After 2 days in the dark, the total-N decreased. As protein was broken down increased proportions of soluble-N were found. After 13 days of darkness, amino-N had decreased and the amide and ammonia fraction increased. Apparently deamination of amino acids had occurred, for ammonia-N also was found in the culture solution. However, little proteolysis occurred.
It is concluded that while adequate supplies of N, K, P, and carbohydrate are essential for protein synthesis, only N is required for the maintenance of protein once it is formed. Although metabolic readjustments and shunt metabolism do occur under unusual circumstances, protein makes up most of the total-N, and the metabolism of the alga is strongly directed toward the formation and maintenance of protein.
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